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SYNOPSIS 


Electrical conductivities of CaPg ponder compacts, 
prepared under various compacting pleasures, have heen 
studied at various temperatures. All samples were prepared 
from the same powder thus eliminating possible effects of 
particle sine* 

At all temperatures conductivity is higher than that 
of Cafg single crystal for which\ reliable data are available 
in the literature. Higher values attributed to enhanced 
conduction along grain, boundaries which for® a continuous 
matrix in poly crystalline material. Samples prepared under 
higher compacting pressures show higher values of conductivity 
due to the presence of more''- extended grain\boundary regions* 

the poly crystalline material may be used in various 
physicochemical measurements where a fluorine Ion conducting 
solid electrolyte is required. It would be attractive specially 
for liquid systems as crucible may be fabricated easily from 
powder compacts. 



CHAPTER I 


INTRODUCTION 

Solid electrolytes, in general, are solid substances 
which show predominant ionic conduction due to the existance 
and mobility of point defects in their crystal lattice in a 
considerable range of temperature and partial pressure. Electro- 
chemical techniques using solid electrolytes have been used 
widely in the determination of thermodynamic and kinetic data' 
pertaining to systems of metallurgical interest. The advantage 
of this technique began to be realized after Kiukkola and 

Wagner^ had demonstrated that ZrO^ stablized with 15% CaO, was 

—20 

a purely ionic conductor at oxygen pressures between t and 10 
atm at 850° C. Their classic work on Zr0 2 - CaO and other 
solid electrolytes paved the path for the further development 
of solid electrolytes. 

2 

The renewed interest in the solid electrolytes has 
concided with the improvement in certain solid electrolytes 
and the achievement of a better understanding of the mecha- 
nism of transport In these solid ionic materials. 

Ca ? 2 which has fluorite structure is an important 
solid electrolyte among fluorides. The extensive investigation 
by Ure^ on CaP 2 proved that it is an ionie conductor and 
fluorine ion is responsible for conductance. His investi- 
gation was connected with pure and doped single crystals. 
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Many workers have used this material for determination of 
free-energies of formation of fluorides, carbides, phosphides 
and other systems. 

Aim of the Present Work : 

The aim of present investigation is to study the 
electrical conductivity of CaB 2 ir powder compact form. It is 
well known that growing a single crystal is a troublesome job 
and at the same time it is a costly affair. Besides a single 
crystal would normally be a pellet. On the other hand, powder 
compacts may be made in crucible form. Crucibles may be used 
in investigations on liquid systems. T'"' 

"N 

The main aim of the investigation was to study the 
electrical conductivity of Ca ? 2 powder compacts made under 
different conditions, as a function of temperature. The values 
are to be compared with those for single crystals. 



CHAPTER II 


Caig AS SOLID ELECTROLYTE 

A solid electrolyte as the name implies, is a 
stable solid phase which conducts electricity ionieally. 

The material allows one or more kinds of ions to migrate 
through its lattice when a tendency for migration exists. 
This tendency is induced by a potential gradient generated 
either through an applied voltage or through a chemical 
potential gradient of the migrating ion(s). 

In general most solid electrolytes conduct both 
ionieally as well as electronically. However, under certain 
ranges of temperature and chemical potentials of the migrat- 
ing species , many solid electrolytes exhibit predominant 
ionic conduction. These electrolytes, of course, can be 
employed in electrolytic cells only when the electronic con- 
duction is negligible. 

Common solid electrolytes are of three kinds, 
namely, halides, simple oxides and oxide solid solution. A 
complete list of known solid electrolytes is given in the 
Table 2.1. 

2.2 fluorite Structure ; 

Materials** with fluorite structure of which Caf 2 
is the prototype are an important class of materials which 
includes the alkaline earth fluorides and such Important 
oxides as U0 2 » Th0 2 and Pu0 2 . These oxides are important 
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Table 2. 1 

list of known Solid Electrolytes 


Ion exhibiting 

predominant 

conduction 

Compound 

fluorine (P“) 

CaP 2 , Mgf 2 , Pbf 2 , HaP# Balg, SrP g 

Chlorine (Cl”) 

BaCl 2 , PbCl 2 , SrCl 2 

Bromine (Br”) 

lair 2 , PbBr 2 , lair J»a + ,Br”| , KBr | K*,B: 

Iodine (I") 

Pbi 2 , (Pb 2+ ,r>* ki (K*,r) 

Silver (Ag + ) 

Agl, AgCl, Agpr, Ag^SBr, Ag^SI, AggHgl^ 

' 

KAg^I^# PbAg^I ^ 9 HH^Ag^Ig 

Copper (Cu + ) 

Cul, CuCl, CuBr 

Magnesium (Mg 2 *) 

MgO 

Oxygen (G 2 ~) 

Zr 1-l *** °2-x* te 1-x *2* °2-(V2) 

* h 1-x 4 * °2-<x/2)> T Vx 4 * °2-(x/2) 

Aluminium (Al^ + ) 

11 2 0 3 

Sodium (la*) 

Hal (Ha*,P~) , HaCl (Ha + ' , Cl*) 

HaBr (Ha + »Br“) , la 2 0. IIAlgO^ 

Potassium (K + ) 

KOI (K*,C1~) , KBr (K*l Br”) Kl(K + f I”) # 
31^0.0.2 LigO. lOAlgO^ 

Alkali metal ions 

SiOg (quartz) 

(Ba* and K*) 

? Al 2 0 3 *2Si0 2 (Mulli# 

Lithium (Iii + ) 

LiH 
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zmelear materials. fhe cubic stabilized forms of ZrOg and 
HfOg and C modifications of tbe rare eartb sesquioxides are 
derivatives of this basic structure. 

A coordination of 8:4 is found in the Cafg. Here 

the calcium ions are arranged at the corners and face centers 

of a cubic unit cell and the fluorine ions are at the centers 

of the eight cubelets into which the cell may be divided. She 
6 

unit cell of the cubic structure of fluorite, calcium fluoride 
is shown in the figure 2.1* Each calcium ion is therefore 
coordinated by eight fluorine neighbours at the corners of a 
cube while the calcium neighbours of a fluorine ion are four 
in number, disposed at tbe corners of a regular tetrahedron. 

Mater ials crystall i sing in - the fluorite structure 
are unusual amo ng--ceramies--b ecauo e of the diffusion of ani o n s 
i o far more rapid than that of cations* Ihese materials 
normally show anion electrolytic behaviour over wide nonmetals 
partial pressure range. Matzfce' suggested that Gafg should 
be a good model for W> 2 and fhOg on tbe basis of the similarity 
in structure and lattice parameters. Similar arguments might 
be applied to the stabilized forms of ZrOg and HfOg and to the 
C-type rare-earth oxides. 

2.5 Gom&ucti on in fluorides: 

It is known that a number of metallic halides, those 
of the alkali and alkaline earth metals in particular, are 
total ionic conductors* But for many high temperatures thermo- 
dynamic studies only fluorides are suitable on account of their 
high melting points. 


X 


•=Ca OF 


FIG. 2.1 CLINOGRAPHIC PROJECTION OF, THE UNIT 
CELL OF THE CUBIC STRUCTURE OF 
FLURITE CALCIUM FLUORIDE 
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Alkali and alkaline earth fluorides are stoichiometric. 

Due to the wide energy gap between the 'valence a iid conduction 
bands, the contribution of electronic conduction could be 
negligible. Hence only intrinsic ionic defects due to the 
thermal disorder can be -Envisaged in these fluorides, faking 
into account the maintenance of electrical charge neutrality, 
four possible types of defects can occur in these crystals. 

They can he mentioned as: 

(i) Frenkel disorder involving equal number of 
positive ion vacancies and interstitial positive ions. 

(ii) Anti-Frenkel disorder with equal concentrations 
of negative ion vacancies and interstitials. 

(iii) Sehottiy disorder with equal concentrations of 
positive and negative ion vacancies and, tn tU same *5 HJr ** cyj* 

(iv) Anti-Sehottky disorder type with equal positive 
and negative inter stials . 

A simple representation of main types of lattice 
disorder is shown in Figure 2.2 schematically in two dimensions 
for alkali-halides. 

Even though more than one type of disorder can occur, 
the one with the lowest activation energy predominates. The 
anti-Frenkel and the anti-Schott ky types are less frequently 
encountered in ionic crystals. It is highly essential that the 
defect chemistry of the fluorides is fully understood before 
incorporating them as solid electrolytes in the solid state 
galvanic cells. 



V" 



+ _ + _ + - + + - + + - + 

(c) (d) 

FIG. 2.2 MAIN TYPES OF LATTICE DISORDER PRESENTED 
SCHEMATICALLY IN TWO DIMENSIONS FOR 
ALKALI HALIDES. 

(a) Frenkel disorder 

(b) Anti -Frenkel disorder 

(c) Schottky disorder 

(d) Anti - Schottky disorder 
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She details of the defect structure and the ionic 
charge transport are mainly derived from conductivity measure- 
ments. She electrical conductivity S' of a solid ionic conduc- 
tor is given by, 

6jj. U-j£ ( l) 

where n\ ^ * the density of imperfections of the k-th type. 

* effective charge of imperfection, 
ttjj. * mobility. 

Fluoride ion conduction can be expected in fluorides with 
anti-Frenkel type defects, Shis would mean that the cationic 

Tne\sll‘ hj Small 

radius must be large for the given crystal arrangement. 
Conductivity measurements are normally carried out with pure 
as well as doped crystals. 

2.4 Conductivity of Booed and Pure CaFo : 

She suitability of a material as a solid electrolyte 
requires that it should be a total ionic conductor, even a small 
contribution of the electronic conductivity will tend to large 
errors. Electronic conductance will tend to lower the tfaeore- 

Q 

tieal e.m.f. in galvanic cell according to the relation 

E ( observed) = E Theoretical ( ^ 

stoere t # * electronic transport number. 

In case of Gaig the neutral calcium and fluorine atoms 
have the electronic configuration as, 

C a * IS 2 2S 2 2p 6 3S 2 3p 6 4S 2 and 

Hi 

J * IS 2 2S 2 2p^. 



Ill ionic form the configuration changes to, 

C a 2+ * IS 2 2S 2 2p 6 3S 2 3p^ (Argon configuration) 

F~ » IS 2 2S 2 2p^ (He-confignration) . 

Both ions posses stable inert gas electronic configu- 
rations which implies a very small intrinsic electronic disorder 

and a correspondingly low value for the electronic conductivity. 

x 

U re - ' has studied the conductivity and diffusion pro- 
cesses in single crystal (pure and doped) in detail and concluded 
that major disorder present in CaF 2 is the anti-Frenkel type 
i.e. F*" vacancies and interstials. His conclusion is based 
on the results of three transference number experiments. His 
results are* 

(i) the TT transference number in HaF doped CaP 2 is unity 
and the conductivity increase on adding IaF is very large. The 
large conductivity increase shows that the imperfections which 
are introduced by doping control the conductivity! and the 
large F~ transference number proves that these imperfections 
are F“ vacancies rather than Ca 44 interstials. 

(ii) Zintl and TJdgard showed by means of density and 
X-Bay lattice constant measurements that XFj added to CaF 2 
introduces F“ interstials. This is confirmed by the fact that 
the conductivity increase on adding XF^ is appreciable and that 
the F~ transference number of the IF^- doped crystal is one. 

(iii) She Ca 44 transference number in pure CaFg is 1CT 6 at 
tOOO°C. If the Schott ky or anti-Schott ky disorder type were 
present, the Ca 44 transference number would be, 
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where D Ca *= the mobility of the Ga ++ imperfection. 

Up * the mobility of the F“ imperfection. 

In other ionic crystals the corresponding mobility 
ratio is of the order of iCf^ to 10”^ at temperatures within 
four or five hundred degrees of the melting point. It seems 
improbable that it would he as small as hire as would be 

required if tbe Sehottky or anti-Schott ky disorder type were 

44 - 

predominant, the Ca transference number would he close to one. 

fhe main conclusion of Ure^ is that Anti-Frenkel type 

of disorder exists in CaF 2 and that the transport-number of 

the fluoride ion, t , is almost unity in the temperature 

F~ 

range 690° - 920°C. 

q 

Short and Roy^ studied the defect character in 
calcium fluoride - Yttrium Fluoride crystalline solutions and 
confirmed that interstitial F~ is the predominant defect in 
crystalline solutionsof YF^ in GaFg. 

Barr is and lay lor have studied the lattice disorder 

in some CaF 2 type crystals like SaFg and SrF 2 and by measuring 
ionic conductivity with single crystals (pure and doped with 
monovalent and trivalent cations) they have shown a consistent 
trend in the scopes of logs’ vs i| plot of the conductivity data, 
fhey have shown by the analysis of conductivity isotherms that 
an anion Frenkel thermal disorder model for the fluorides 
exists. 
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2.5 Examples of Ca3?2 Used as Solid Electrolytes 


CaFg has been used for the determination of free- 
energy of formation of several metal fluorides and for other 
than fluorides. Markin^ has auraroerized the Galvanic cells 
reversible to fluoride ions, 

12 

Lofgren and M elver and Egan and Heus have measured 
the Eree-energy of formation of several metal fluorides. 

Markin and coworkers ^ and Lofgren and Mclver measured the 
e.m.f. of the following cells: 



Cell 


e.m.f. (?) at 600°C 

Ei.IlEg 

CaF 2 

ai,aie 5 

1.720 ± 0.003 

Ki,NiE 2 

Caf 2 

Mg,MgE 2 

2.343 + 0.003 

Hi.IiEg 

CaEg 

Ee,EeE 2 

0.374 ± 0.003 

ai»au 3 

CaJ ? 2 

u,ue 2 

0.078 ♦ 0.003 

WyW^ 

Cal, 

A1,A1Ej 

0.821 + 0,004 


Cal 2 

MgjMgFg 

1.437 ± 0.003 

Si,ME 2 

Cal 2 

ue 3 ,ue 4 

0,905 £ 0.004 

ue 5 ,t2E 4 

CaEg 

u,ue 3 

0.899 ± 0.002 


Egan and 

Heus^ have measured the e.m.f. of following 

cell using Cal 2 




Cell 


e.m.f. (?) at 600° C 

Mg,MgF 2 

CaEg 

£h,fhE 4 

-0.310 + 0.005 

fh,fhf 4 

CaE 2 

ai # aie 5 

-0.310 + 0.003 

u,uf 5 

CaE 2 

A1,A1E^ 

-0.070 + 0.003 

Th,ThE 4 

CaJ? 2 

N i iE 2 

-1.980 + 0.005 


As it has been mentioned 

earlier that CaEg has been 


used for determination of free-energy of formation of compounds 
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other than fluorides. In this category comes oxides and 
related compounds, carbides, borides, sulphides, phosphides, 
fables 2.2 and 2.3 show its application for oxides and related 
compounds and for other trans fluorides and oxides. 
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fable 2.2 

Application of the galvanic cells in the measurement 
of the free energy of formation of oxides and 
related compounds 


System 

Compounds 

Ref, 

Ca-Q 

CaO 

15 

Mg-G 

MgO 


Zn-0 

SnO 


Al-Q 

AlgOj 


Ga-Si-0 

Ca0-Si0 2 

3Ca0~2Si0 2 

2Ca0-Si0 2 

16 

Ca— f i— 0 

CaO-fiOg 

4CaO-Ti0 2 

17 

Ca-W-0 

Cal0 4 

18 

Ca-fe-0 

CaO-FegO^ 

2Ca0-Fe 2 0 5 

19 

Ca-Gr-0 

CaCrO^ 

20 

Ca-Y-0 

3Ca0~T 2 0 5 

2Ca 0-Y 2 0 g 

CaO— Y gO g 

21 

Ca-B-0 

3Ca0-B 2 0 3 

2CaO— 
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Sable 2.3 


Application of CaF^ galvanic cells in the measurement of 
the free— energy of formation of compounds other 
than fluorides and oxides 


System 

Compound 

Ref. 

Th-S 

fhS 

22 


fhgS^ 



fh 7 S t2 


Sh-P 

ThP 0. 55-0.96 

23 

fh-c 

^ 1-x(x=0. 04-0. 34) 

24 


ShC 2 

25 


ShC 


itJ-G 

uc 2 

26 


UC 3 


Th-B 

ShB 4 

27 


ShB 6 


Mn-C 

Mb^Cj 

28 



CHAPTER III 


EXPERIMENTAL PROCEDURE 

3. 1 Sample Preparation : 

CaJ? 2 powder of 99.94% purity was take® as supplied 
under the name certified calcium fluoride by Fisher Scientific 
Company, U.S.A. The analysis of the powder is given in the 
Table 3.1. Powder weighing approximately 2 gm. was pressed 
in the form of cylindrical pellets in a 1/2 inch die at diffe- 
rent pressures 5000 lbs. 7000 lbs, 11000 lbs, 13000 lbs and 
15000 lbs. in Carver Laboratory Press (Hydraulic). The 

inert" 

pellets were sintered in atm® sphere. Nitrogen gas was passed 
through caleiisa chloride tower to remove any moisture and then 
it was passed through a copper-turning furnace t® remove 
oxygen. The sintering was done at 950°C for 4 brs. 

These sintered pellets were painted on top and bottom 
faces with Engel hard No. 6926 unfluxed platiman paint. The 
thinning of the paste was done with tempentine oil* The 
painted samples were fired at 850°C for nearly 3 to 4 brs. 

After the firing the resistance between different points 
on the painted faces were measured and it was made sure that 
the resistance was below half ohm. In some cases the resis- 
tance was more than 1 ohm. In those eases the pallets were 
again painted and fired to show resistance less than half ohm. 
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TABLE 3.1 

Analysis of Calcium Fluoride 

Formula: CaF,, 

Formula weight = 78.08 


Constituents 


Chloride (Cl) 

Heavy metals (as Pb) 
Ammonia (HH^) 
Sulphate (SO^) 

Iron (Fe) 

Barium (Ba) 



0.01 

0.003 

0.01 

0.03 

0.001 

0.005 
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3.2 Apparatus : 

Ihe apparatus consisted of three ma in parts! (i) Fur- 
nace , (ii) Cell Assembly and (iii) Gas Train. These art briefly 
described below: 

(i) furnace: 

The furnace was a Sichrome Wire would ‘tubeless* 

furnace . 

A split wooden pattens was made and a winding was 
laid on it. lefr&etory cement was applied on the windings 
and the assembly was introduced in a brick work. It ms then 
dried. After drying of cement the wooden pattern ms withdrawn. 
The brick structure ms insulated using magnesia powder. 

Temperatures in the furnace were controlled by a Pt- 
Pt-Rh thermocouple placed in between the winding and Inconel 
tube In which the cell assembly ms placed* 

(ii) Cell Assembly: 

The mil assembly with the furnace is shown in the 
figure 5. t. She sample holder is placed in the inconel tube. 
There is provision in the ineonel tube from the bottom for the 
entrance of purified argon gas which ultimately leaves the cell 
assembly through a gas outlet. The gas outlet is connected 
with a rubber tubing to a bubbler for the exit of the argon 
gas. The cell assembly consists of a chromel-alumel thermo- 
couple for measuring the temperature inside the cell a ssembly. 

There is a central tube of stainless steel through 
which the two Platinum Wires welded to the discs pass which 
form the electrodes. 



THERMOCOUPLE LEADS 





20 


(iii) Gas-Train: 

lor circulating purified argon gas in the cell assembly 
a gas-train ms constructed. It consists of glass-towers con- 
taining CaCl 2 ( anhydrous) for absorbing moisture in the gas* 

There is a copper gauge furnace to remove any oxygen fro® 
the gas and finally the gas passes through a Titanium powder 
furnace to further purify the gas. from Titanium furnace gas 
comes to chamber from where it goes to the lneonal tube through 
a rubber tubing, 

3.5 Conductivity Measurement 1 

Conductivity was measured with an Impedance Bridge 
of type 1608 - A made by General Radio, This bridge is a self- 
contained impedance-mea storing system, which included six bridges 
for the measurement of capacitance, conductance, resistance and 
inductance as well as the generators and detectors necessary for 
dc and t-KC ac measurements. The bridge circuit which was used 
for conductivity measurement is shown in the figure 3.2. The 
basic bridge accuracy is 0,1%. This is a function of the accu- 
racy of the adjustment and stability of the bridge arms. The 
instrumdnt is initially calibrated to an accuracy of + 0.05% 
or better and should hold the 0.1% accuracy. 

The sample ms placed on az refractory sample holder 
between tbin platinum discs. Platinum electrodes extensions 
were connected to the Impedenee bridge. The temperatures were 
recorded with the ehromel-Aluael thermocouple placed just near 
the sample using a JM Potentiometer. By suitably choosing the 
scale the conductivity was measured. 



0 - 1.2 

PARALLEL conductance 



no. 3.2 


BR{£)G £ CIRCUIT 
MEASURING CONDUCTIVITY 


E OR 
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5*4 Sample Preparation for Micro structure Study i 

Calcium fluoride is a ceramic material and for any 
ceramic material the general procedure for preparation of 
samples for micro structure study consists of the following 
steps^ 0 * 

(i) Mounting 

(ii) Grinding 

(iii) Polishing and 

(ii r) Etching. 

The above steps were followed for sintered calcium fluoride 
pellets* The pellets were mounted in bafcelite mounts* Mounted 
samples were carefully ground on 240- , 320- grit silicon car- 
hide dry papers on belt grinding machine. To minimize surface 
damage the 320 - grit grind should be prolonged using diminish- 
ing pressures. 

Samples were polished on 400- and 600- grit emery 
paper* After that the samples were polished on $/ 0 , 2 / 0 , 4/0 
emery papers one by one and removing the scratches from previous 
one on polishing wheel, final polishing was done with cerium 
oxide on policing idle el on micro cloth* 

A number of etchants w£re tried to reveal the micro- 
structure of the polished specimens and finally 10% H^SO^ 
boiling was found suitable f®r the purpose. The etching time 
was kept as 1 to 1*5 minutes in boiling condition* 

3.5 Mlero structure Study : 

The etched samples were viewed under Metallurgical 
microscope (optical) and the microstructure obtained was 
photographed by camera. 
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The film was illuminated under Microform Reader. 


The magnification was 19.56 X. AAength of ^0 cm was marked 
on a plain paper and the grains were counted in that length. 


The measurements was done /along random .sections usually 


horizontally, vertically and diagonally from both ends 
of the film. The number of grains for all the samples were 
counted in thisKmanner. 


/iiXL. xocx& giita-ire eA ^ 4 «>>h C.our~£‘>\g &*- % 

/ ^ 4 -- 'nucrffscffj, e 


T£UL yU> H. i 



RESULTS AND DISCUSSIONS 


4. 1 Bensifieation i 

^ be CaE 2 powder was compacted at different pressures 
ranging from 5000 lbs to 15000 Its and then sintered at 950°C 
for 4 hours, fhe resulting green densities and Wintered 
densities art given in the fable 4* 1. From the table it was 
found that as compacting pressure increases both the green 
densities and sintered densities increase. 

One of the most widely used methods of producing 
refractory shapes is that of cold pressing and sintering and 
in practice , the rate at ’which sintering occurs and the 
porosity of the final product are important* As it is known 
that for any component which can be prepared by pressure 
forming operation a porosity of 40 percent is tolerated. 

In the present study the final porosity is lower at 
the higher pressures, fhis should be due to the lower initial 
porosity of the more highly pressed compacts. In otherwords , 
for producing a more dense sintered product a more dense green 
compact is necessary. 

Samples were sintered at 950°C as suggested by Allison 
oiad Murray^* In their study of ’A fundamental investigation 
of the mechanism of Sintering* they used different temperatures 
and finally recommended 950°g* fbe sintering time they used 



fable 4.1 


Green densities and sintered 
pellets at 950°C 

Theoretical density = 


Sample 

Pressure 

Gree 

density 

gm/cc 

A 

5000 lbs 

1.8577 

B 

11000 lbs 

1.981 

C 

13000 lbs 

2.014 

B 

15000 lbs 

2.067 
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densities of the 
for 4 hrs. 

3. 18 gm/ee 

SiniTtriJ- 


°/ 0 of Theore- 
tical density 


Sintered %of 
density g?heore— 
8®/®° tical 
density 


57.78 

62.29 

63.35 

65.00 


2.745 

2.76 

2.8 

2.89 


86.32 

86.79 

88.05 

90.88 
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was varied from 10 minutes to 3 hrs. In the present study 
the sintering time was kept 4 hours, for all samples. The 
densification obtained was nearly 91 percent of the theoreti- 
cal density. The aim of the jure sent study being mate a 
crucible of CaFg which can be used for electrochemical study 
for liquid systems. Keeping in view this fact in mind it 
is necessary to have a product of higher densification. In 
case of liquids they may penetrate if the container is 
porous. For getting more dense product a slightly higher 
temperature should be tried. 

Sintering mechanism has been studied by Allison and 
Murray. As regards the sintering behaviour the effect of 
particle else is also to be considered. The effect is partly 
reflected in the difference in the initial porosities of the 
compacts. With decreasing particle size* better packing 
is obtained resulting in a decreased initial porosity for the 
same compacting pressure. The sintered porosity is also lower, 
m the present work the effect of particle size has not been 
studied. Different samples were prepared from the same powder. 
The initial particle size remained uniform. The powder mgs 
below 100 - mesh and 70 percent was below 400 mesh. 

4.2 Eleetrical Conductivity : 

The variation of conductivity ) with respect to tem- 
perature is given hy the well known equation, 

m A exp <-E/kT) (5) 

where A is a pre-exponential term and E is the activation 



energy for conduction which depends upon "the actual mechanism 
regulating conductivity. 

£ is Boltzmanns constant and T is the absolute tempe- 
rature. The value of E is estimated from the scope of the 
plot of log Vs* 1/T. 

In general the log <5^ Vs. l/T plot for is found to follow 
a general pattern as shown in the figure 4. la. Various conduc- 
tivity data available in the literature conform to this 
general trend. As examples results on electrical conductivity 
measured by Graham' 52 and others and on Cafg (pure and doped) 
by TJre may be cited. The plot indicates three distinct 
regions all characterized by different activation energies. 

In high temperature (intrinsic) region where the concentra- 
tion of defects is high and its effect is more compared to the 
impurity concentration. The scope is given by 

- (| H f + %)A 

where, 

H f * Enthalpy of formation for defects 

Hm « Enthalpy for the motion of defects 

£ = Boltzmanns constant. 

In the lower temperature (extrinsic) region the slop 
corresponds to -%/K. At still lower temperatures, where 
association becomes dominant, the slope attains the value 
Ha + ftn)/K where Ha is the enthalpy for association of 
defects, lost often the various parts of the curve are not 
as well separated in practice as is shown in figure 4.1a and 
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-y. «) 

FIG- 4.1 (a) GENERAL SHAPE OF A CONDUCTIVITY 
VS 4- PLOT 

1 1 

(b) IDEALISED SHAPE OF o VS y 

FOR ALKALI HALIDES 
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association range is not separated from the extrinsic region. 

The usual shape of a conductivity vs. 1/3? plot is shown in 
Figure 4. 1h. 

3!he conductivity values for different temperatures and 

pressures are given in 3?able 4.2 (a to e). Figure 4.2 gives 

the variation log vs 1/3! , where i is conductivity in 

(ohm-em) -1 and f is temperature in °K. All conductivity 

data presented here for sintered specimens have been normalized 

for porosity using the relation 

J / ¥ iheo F <?tiofli ( .x 

6 “» n " al neasured / Measured w 

where / ffieasur0d « the density of the sintered specimen, 

S theoretical = Tbeoretical ^e»sity. 

This procedure is widely recommended^ for correction 
due to porosity. The plot for 7000 lbs. compacting pressure 
has not been shown for the sake of clear ity. However, it 
confirms to the general trend. 

In one trial run for conductivity measurement data for 
heatihg and cooling did not match. The descrepaney, however, was 
eliminated on reheating. The initial heating values were 
smaller than the initial cooling, Values. This could be 
completely eliminated by preheating the sample to a temperature 
of approximately 1000°C. This was achieved simultaneously 
with the firing of platinum electrodes on the sample. 

fhe initial hysteresis is presumably due to dimensional 
Changes and due to the presense of defects in excess of the 

equilibrium concentration. Subsequent measurements were 



ohm cm 


i 



FIG. 4.2 ELECTRICAL CONDUCTIVITY VARIATION WITH 
TEMPERATURES FOR DIFFERENT COMPACTING 
PRESSURES 
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fable 4,2s 4.C, Conductivity at different -temperatures for compacting 

pressure 15000 lbs. 




fable 4.2: A. C. conductivity at different temperatures for compacting 
pressure 7000 lbs. 
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done below tOOO°G. Heating to 1000°G ensures the dimensional 

pr* fer contact ^ Jfe- e\tctf *><*■* 

stability and al so equilibrium eoKeentrqtlnn of defects 
thereby eliminate the hysteresis. 

There is a break in the slope of the curves in the 
region 600 and 665°C. The curves are resonably straight 
below and above this range. 

It should be noted that the curves obtained in the 
present study are analogue to that of Ure's result for 
YF^ “ doped CaF g single crystals as shown in the Figure 4.3(b), 

In Tire’s study the break in the slope of the curves was 
found between 550°C and 650°C and the behaviour was quite 
different above and below the break. In the lower temperature 
range the lines were resonably straight but it was not the 
case in high temperature range (Fig. 4.3b), 

In Figure 4.2 the variation of electrical conductivity. 

With temperature for pure single crystal as obtained by Tire 
is replotted along with the present work. The figure shows that 
powder compacts have higher conductivity at all temperatures. 

This can be explained in terms of the grain boundaries in 
compacts. The powder compacts are poly crystalline with large 
grain boundaries areas. It is known that in the region of 
grain boundaries there exists considerable structural 
uncertainties and defects. All these may contribute to 

enhanced mobility of the earge carrier. Xn otherwords near 
grain boundaries the diffusion is more than that in the bulk. 

Thus pre sense of grain boundaries affect the overall conductivity. 


ELECTRICAL CONDUCTIVITY (ohm cm) 
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Osbum and Veal: in their study on eleetrical properties 
of single crystals , "bicrystals and polycrystals of MgO found that 
grain "boundaries enhanced ionic conductivity. This was attributed 


to increased vacancy concentration at grain "boundaries leading 

a eas,Uz y mechanism/ 



for the motion. 


3Jbe data obtained in the present investigation (Jig. 4. 2 ) 
may be compared with the results of lire (Pig. 4 . 5 ) on doped 
single crystal. In ease of Tf^ - toped crystals the conduc- 
tivity is increased due to introduction of an excess of F~ 
interstitial along grain boundaries. In the present ease the 
increase is due to the increased defect concentration in the 
grain boundaries^ and a- easier m.Ae.hwsn- ej. 1 nStciro tt* grcu-AJ 

beuYictfrrij t 

Figure 4*2 also points out that conductivity of the 
compacts increases as the compacting pressures increase. This 
can be explained on the basis of densif ication. The conductivity 
values of the specimens could be expected to rise due to 
contact areas merging and forming more and more continuous 
matrix. 


figure 4.4 shows a plot of conductivity vs* porosity. It 
is observed that a® the porosity increases "Kate conductivity 
decreases. This may be attributed to densilication of the 
compacts. 

Activation energies have been calculated from the slopes 
of the log ( vs. 1 /T using the least square technique with the 
help of computer. As shown in the figure 4.2 each curve consists 
of two straight line portions and indicates two activation 
energies for the two different temperature ranges. At high 
temperature s » the thermal energy is sufficiently high to 



(cr NORMADIOOO °C ( c ) 
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create defeats (vacancies and interstitials F) , and the 
activation energy is the sms of the energy for the formation 
of defects and its migration in the hulk. At lower temperatures 
the thermal energy is only large enough to allow the thermal 
energy is only large enough to allow the migration of atoms 
into vacancies already present in the crystal* Table 4*5 shows 
the activation energy in the extrinsic and intrinsic regions. 

4.3 Microstrueture Study i 

Mierophotographs obtained for compacting pressures of 
11000 lbs, 13000 lbs and 15000 lbs at magnification 100 X are 
shown in Figure 4.7 a to o. For the 1st specimen mierophotograph 
at magnification 210 x was also taken and is shown in Fig.4.fd. 

Mi ero structures directly indicate the degree of dens if 1- 
cation which should he known both for research purposes as 
well as for commercial applications. Elimination of excessive 
porosity is necessary. This enhances such properties as 
elasticity, strength , capacitance , optical transmission and 
also helps in removal of trapped gases. 

From the mierophotographs shown in Fig. 4*7 it is evident 
that as compacting pressure increases the else of the grains 
becomes larger and larger and pores are eliminated. Microphoto- 
graphs for 11000 lbs and 13000 lbs compacting pressures are 
compared. It is found that the latter has less porosity. This 
confirms the trend obtained by density calculations. 

From the negative the A.S.T.M. mierograin size and nominal 
grains/ in 2 were measured and are shown in the table 4.4. As 
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XattLe 4.3: Activation energies for different compacting 
pressures. 


Sample Pre s sure 


Activation energy (ko oL /«***) 


Extrinsic 


Intrinsic 


d 5000 14.290 24.672 
c 11000 14.769 25.577 
B 13000 14.564 20.896 
A 15000 13.760 23.241 



^ 23390 



J46 In 

'negative which 
Was *t 40 rtux^nijxcolt&r^ W 


7(c) i Micro photograph of CaFg compact at 
compacting pres star© 15000 lfcs. 
Magnification, 100 X4 




'ig. 7(4) i Microphotograph of Cal 2 ©©^P®©* at 
compacting pressure 11000 lfcs. 
Magnification, jt|0 X 4 afr roc . 
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Table 4.4s Average number of grains for different compacting 
pressures. / 

Microform Reader magnification/ * 19.56 X 
Negative Magnification / « 100 X 

Total Magnification / = 1956 X 

Scan length / * 30 ems. , 


Sample 


Compact 
ing 

pressure 


Number of Grains 


Prom one 
end 


Prom i 
other/ 


LAil'l 


Av . No . A.S.T 
of Micro- 
grains grain 
sine 


grains/ 
in 2 at 
1001 


7000 


11.75 9.25 287 


11000 


10.625 9.0 


15000 . 


Between 

5.5 7.0 to 64 to 71.7 
7.25 


1500/ 


5.57625 7.0 
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compacting pre satire Increases the averages number of grains 
decrease and so do the A.S.T.M. micrograin size and conse- 
quently nominal grains /in * The reason for less nominal 
grains/in at higher pressures is due to grain growth since 
the pores are eliminated. 

A plot of A.S.T.M. micrograin size vs. pressure Is shown 
in Figure 4*5/ Figure 4.6 shows tjafe variation of electrical 

/ / p (Please p.-H-S-Rcj Me*.e, ;i3 .J>«f«v, 

conductivity with nominal grain/ /in, ^ tof**** . 

The conductivity variations may he explained hy "fee 
micro structure s. During sintering air-gaps are eliminated and 
the conductivity is enhanced because of decrease in contact 
resistance. Thereafter, when grain growth occurs, the size 
and perfection of the grains and the nature of the grain 
boundary control the conductivity. 



ASTM MICROGRAIN SIZE 



5000 7000 11000 13000 15000 

PRESSURE IN Lbs - 

FIG. 4. 5 VARIATION OF MICROGRAfN SIZE 
WITH COMPACTING PRESSURE 




Him tea ^ 
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CHAPTER V 


CONCLUSIONS 

The main conclusions of the present Investigation are 
as follows* 

t. Denser green Compacts produce denser material after 
sintering, 

2, A slightly higher sintering temperature than 950°C 
is needed for getting a more dense product. 

3, Electrical conductivity for powder compacts is higher 
than that of single crystal at all temperatures. 

4, Electrical conductivity of the powder compact depends upon 

the porosity* If the porosity is high eaf, the conductivity is lower 
and vice-versa. j 

5* A. S.f ,M. micrograin size and/mominal grains/in t decrease 

with the increase of the compacting pressure* 

6. Electrical conductivity decreases as the nominal 

grains/ in 2 Increase. / 

7, Powder compacts of Ca% may he used in physico-chemical 
measurements as a fluorine /Lon conducting solid electrolyte. 

These would be useful for /liquid systems also as crucibles 
my he fabricated from powder compacts* 

Suggestions for Future Jg&L 

Due to lack of time t&e present study was restricted to 
samples compacted under various pressures hut all sintered 
at the same temperature /for equal length of time. The study 
could he extended to Systematically investigate the effect 
of sintering time agrttl temperature. 
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For tetter understanding of the phenomenon of condue- 
t&nce the measurement of frequency dependence of conductivity is 
recommended. This could not he done in the present investiga- 
tion due to lack of suitable equipment. However* this should he 
taken up in future ■ 

The effect of grain boundaries on conductance can be 
critically revealed by measurement on a bicrystal where the 
grain boundary is very well defined. A. suitable bicrystal may 
be grown for this purpose and its conductivity measured in a 
direction parallel to the grain boundary and also in one perpen- 
dicular to it. 

The present work does not reveal the dependence of 
conductivity on particle siae/ This would be somewhat irrelevant 
unless the porosity is controlled. It would be interesting to 
start with various particle sites and conductivities may be 
compared with identicay porosity. 

Finally the study indicates that CaFg powder compacts 
may be used in physico-chemical experiments as a fluorine ion 
conductor. This may be substantiated by direct measurements of 
e.m.f. also employing powder compacts as solid electrolyte. 

Sinoe powder compacts may be made in the form of crucibles, measu- 
rements involving liquid® may also be done using such crucibles. 

i 
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